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Synopsis
Introduction: 
In humans, steroid hormone estrogen is associated with many diseases; including different types of cancer such as breast cancer, skin cancer etc. And estrogen receptor is one of the widely studied nuclear hormone receptor targeted as the prognostic marker for the skin and breast cancer. So targeting estrogen receptor is one of the most significant treatment strategies for both the cancers. Here we study the therapeutic effects and mechanistic aspects of estrogenic molecules in skin and breast cancers.

Skin cancer, like other forms of cancer, results from the unrestrained growth and division of cells constituting skin. Skin cancer is categorized as one of two general types, melanoma and non-melanoma and each type can be deadly. Malignant melanoma is an accelerated, metastasis type of skin cancer that originates in melanocytes, the cells of the epidermis. Non-melanoma skin cancer originates in basal cells, in the bottom layer of the epidermis and squamous (flat, scaly) cells in the epidermis. Though controversial but estrogen has effects in skin aging, pigmentation, hair growth, sebum production and skin cancer. 

The commonest malignancy in women is breast cancer, wherein, the role of steroid hormones and especially estrogen is highly implicated. Among the steroid receptors, estrogen receptor (ER) is of special interest, because the protein levels are widely expressed in pre-malignant and malignant breast lesions in contrast to normal tissue.

Estrogen receptor (ER) is one of the important nuclear hormone receptors that control diverse processes such as cell proliferation, cell death and cellular mobility in their responsive organs at the normal as well as diseased state like carcinoma. ER regulates the growth of both reproductive as well as non reproductive organs and further modulates the transcription of responsive genes upon binding with estrogen or estrogen-like molecules. Estradiol is one of the most popular, widely studied estrogen that are specifically responsible for the growth and development of a female’s sexual characteristics and features. It targets other multiple organs such as brain, heart, skin, uterus and prostate.
Two isoforms of estrogen receptor were identified namely, ERα and ERβ. The two receptors share common structural and functional domains, bind to estrogen with high affinity, and bind estrogen response elements in a similar manner. But they are found to differ in many ways with respect to tissue distribution, transcriptional activities, and phenotypes in knockout models.
Estrogen receptor regulates the target gene transcription mainly in two different ways; one is classical genomic mechanism and second is rapid non-genomic mechanism. According to the ERE-dependent genomic action hormone binding induces conformational changes in the receptor leading to the dissociation of heat-shock proteins, dimerization of receptors and recruitment of co-activator proteins. This ligand associated dimerized receptor complex binds to the estrogen responsive elements (ERE) that initiate the interactions of key transcriptional components such as co-activators and repressors, as well as proteins that regulate chromatin-remodeling signal for the activation or repression of target gene expression. This is also called as the classical mechanism of ER action (Figure a). Non-genomic effects are mediated through interacting with several signaling cascades, such as general cellular phosphorylation cascades.
              
Figure a: ERE dependent genomic action of Estrogen.

Chemotherapy is commonly used as an individual treatment strategy or as adjuvant with surgery and radiation therapy for the cancer patients having metastatic tumors. But the applicability and effectiveness of chemotherapy in tumors, such as in skin and breast, are severely compromised mainly by drug resistivity of cancer cells and non-specific, ill-targeted, cytotoxicities in normal cells. Several alternative strategies such as hormonal therapy, immune therapy, anti-angiogenic therapy etc. are available across the world for the treatment of cancer but with limited efficacy. However organic chemistry has turned chemotherapy into a new life through making various chemical modifications that may be utilized in the existing drugs as viable drug-conjugates or in making new drug entities.

In chapter 1 of the present thesis, we report the synthetic development and biological evaluation of an estrogenic anticancer therapeutic agent ESAr for the treatment of melanoma. The mechanistic study of another estrogen-based anti breast cancer therapeutic agent ESC8 is described in chapter 2. 

Chapter 1:

Many therapeutic efforts have been done so far for the treatment of melanoma, a deadlier skin cancer. Among them, antiangiogenic therapy and targeted cancer therapy are two important strategies for selective cancer eradication. In recent years, anti-angiogenic treatments have been shown to synergize with traditional chemotherapeutic and radio-therapeutic regimens. Combining anti-angiogenesis with targeted anti-proliferative and pro-apoptotic agents might also be synergistic. 

Here we report the synthetic development and mechanistic study ESAr, an estrogen-based anticancer therapeutic agent consisting of estradiol moiety chemically attached to N-nitro-L-arginine. N-nitro-L-arginine methylester is a popular nitric oxide synthase (NOS) inhibitor which inhibits formation of nitric oxide (NO), a highly active small molecule associated directly with the tumor progression, migration, invasiveness, and angiogenesis. Although apparently two conflicting views exist about its dual functionalities on tumor growth, several clinical and experimental evidences suggest a positive association between NO production and tumor progression. Nitric oxide synthase (NOS) is the intracellular protein that produces NO through biochemical conversion of arginine to citrulline. There are three isoform of NOS (eNOS, iNOS and nNOS). Endothelial NOS (eNOS) produces NO that helps in forming tumor vasculature. So reducing NO by inhibiting NOS is a viable modality to treat angiogenesis in cancer. 
The principle behind antiangiogenic therapy is simple. Angiogenesis is the process of forming new blood vessels from pre-existing ones and is a necessary step for the tumors progression. At initial stages of tumor formation, the dividing cancer cells require food, oxygen and other important stuffs to grow up. Tumor angiogenesis is the proliferation of a network of blood vessels that penetrates into cancerous growths, supplying nutrients and oxygen and removing waste products. Tumor angiogenesis actually starts with cancerous tumor cells releasing molecules that send signals to surrounding normal host tissue. This signaling activates certain genes in the host tissue that, in turn, make proteins to encourage growth of new blood vessels If this formation of newer blood vessels is inhibited, the growth of tumors will be repressed due to insufficient supply of food and oxygen.

To this end we have synthesized the estrogenic derivative of L-nitro arginine (ESAr). The structural features in the estradiol derivative unveiled in the present investigation were: (a) The presence of nitro-arginine moiety which has positively charged nitrogen atom and (b) the presence of estrogen receptor-binding 17-estradiol group. Here we hypothesized that ESAr molecule would serve dual purposes: a) ER-expressing cancers would be targeted and treated by the inhibition of i-NOS; b) endothelial cells in the adjoining angiogenic vessels related to tumor would also be treated by inhibiting eNOS. The structure of the synthesized molecule is depicted in Figure b. The new molecule was compared with the parent NOS inhibitor, LNAME for its anti-proliferative and pro-apoptotic effects in highly metastatic malignant melanoma cancer cells, such as moderately ER-expressing B16F10 (murine) and A375 (human), and also normal cells such as mouse fibroblast.  Although ESAr did not seem to possess classical NOS-inhibitory effect but showed 5-50 fold more anticancer, antiproliferative and apoptotosis inducing effect in skin cancer cells and also in HUVEC cells (representing tumor angiogenic endothelial cells) in comparison to parent molecule LNAME.
								
Apoptosis is one of the main types of programmed cell death (PCD). In contrast to necrosis, which is a form of cell death that results from acute cellular injury, apoptosis is carried out in an orchestrated series of biochemical events leading to a characteristic cell morphology and death that generally confers advantages during an organism’s life cycle.











Figure b: Structure of estrogenic nitro arginine.

The compound, ESAr induces antiangiogenic, antiproliferative activities and apoptosis in murine melanoma cells B16F10 and human melanoma cells A375 but has shown no toxicity or inhibition of proliferation against normal cell like mouse skin fibroblast. Dual staining of annexin V/propidium iodide (PI) showed that ESAr treatment significantly increased apoptotic cells in both melanoma cell lines but had no effect on non cancerous fibroblast cells. FACS analysis data with wild type p53 revealed that in presence of ESAr (50M) the p53 expression level increased with time of ESAr-exposure. p53 is a tumor suppressor protein which induces apoptosis, cell cycle arrest, and angiogenesis in response to genotoxic and other stresses. Net (Elk3 /ERP/Sap-2) can act both as an activator and a repressor of transcription and has been shown to regulate the angiogenic switch, by regulating VEGF expression. Down-regulation of Net and VEGF mRNA expressions were shown to inhibit angiogenesis here. In other case Cyclin D (member of the cyclin family of cell cycle regulators) modulates the activity of Cyclin dependent kinases which are considered a potential target for anti-cancer medication, was inhibited at mRNA level. ESAr induces inhibition of invasion in B16F10 and slower migration in A375 cell lines.
Anti-proliferative, pro-apoptotic and anti-angiogenic activities (shown by the inhibition of tube formation in ESAr treated HUVEC) clearly exibit that the molecule ESAr has effects not only on the melanoma cancer cells but in endothelial cells also. 
Further the molecule was tested in animal models. Significant amount of tumor growth inhibition was observed in ESAr treated black mice. ESAr treated B16F10 cells showed changes in their morphology. Tumor-aggressiveness was visibly compromised resulting in no tumor formation in the mice inoculated with ESAr pre-treated B16F10 cells. To further confirm the mechanism of the observed tumor growth inhibition activities, we examined the ESAr induced apoptosis in tumor sections. Significant increase in the number of apoptotic cells was observed by the TUNEL assay in the tumor sections of the group treated with ESAr. Dual staining of tumor sections with TUNEL and VE-Cadherin (an endothelial cell marker) confirmed that ESAr not only induces apoptosis in cancer cells in vitro but also in blood vessels of rapidly growing tumor tissues resulting in harnessing aggressive tumor growth. 
 
Chapter 2: 

Estrogen receptor (ER) poses a familiar target for the development of many anti-breast cancer-therapeutics. Several anticancer agents were developed so far based on ER-natural ligand, 17-estradiol (ES) and its related analogues. Breast cancer, the second most leading causes of cancer-related deaths, shows highest incidences among the women population. It is popularly treated by Herceptin, a monoclonal antibody against EGFR targeting Her2/Neu oncogene, or among several other small molecules, estrogen antagonists, tamoxifen or Fulvestrant. However, these later drugs are used for treating cancer at hormone-responsive stages only. 
In a previous study we observed that the glucocorticoid receptor (nuclear hormone receptors, NHR) in only cancer cells were easily targeted and manipulated for nuclear delivery of cationic lipid components when the lipid was pre-associated with its ligand Dexamathasone. Attempting to observe similar effect in another NHR, i.e., ER, we discovered that ES in association with 8-carbon twin-chain cationic lipid imparted significantly more toxicities in both ER+/– breast cancer cells in comparison to toxicities in cells undergone individual treatment of components. So we hypothesized that on chemically conjugating cationic lipid and ES we might obtain a new anti-breast cancer molecule.
In this chapter we describe an ES-based molecular trait, ESC8 as a hybrid agent of estrogen and 8-carbon twin-chain cationic lipid that showed ER-expression-independent anti-breast cancer activity in several breast cancer cells but could not induce toxicity to the normal cells. Here we report the synthetic development and mechanistic pathways behind the excellent anti cancer effects of ESC8 in both ER +/– breast cancer cells. The structure of the synthesized molecule ESC8 is depicted in Figure c.





                                                                  ESC8

Figure c: Structure of ESC8.

The toxicity of ESC8 was compared with other anticancer agents such as 2-methoxyestradiol (2OMe-ES), 4-hydroxytamoxifen (4OH-Tam), tamoxifen (Tam) and epirubicin (Epi) in MCF-7 (ER+, primary breast carcinoma) and MDA-MB-231 (ER–, secondary metastatic breast carcinoma) cells. ESC8 induced apoptosis in breast cells that was evaluated by the dual staining of annexin V/propidium iodide (PI). Inhibition of ESC8 mediated toxicity was found by the pretreatment of ER-antagonist ICI182780 in ER+ MCF-7 but not in ER- MDA-MB cells confirms ESC8-mediated ER-antagonism in ER+ cells. Whereas in ER-negative MDA-MB-231 the anticancer effect was due to induction of mitochondria regulated intrinsic pathway of apoptosis by up-regulation of the BAX/Bcl-2 ratio and Cytochrome C, leading to activation of initiator caspase 9 and effector caspase 3. Reverse transcriptase-polymerase chain reaction (RT-PCR) demonstrated the effects of ESC8 on the cell cycle regulatory gene Cyclin D and cyclin dependant kinase (cdk) inhibitory p21 gene of ER +/- cells. Moreover regulations of ERE-promoted genes were observed in both ER+/- cancer cells by the expression of luciferase in the presence and absence of ESC8. So, in case of ER- cells, one can predict that a) ESC8 could have either direct access to nucleus using a mechanism, which is not yet clear or b) ESC8’s toxicity could have been conveyed by some other cytoplasmic factor inside the nucleus. It is shown previously that G-protein coupled receptor; GPR30 helps in cellular internalization of estrogenic molecules. Following their internalization, PI3K-Akt activation occurs followed by subsequent nuclear localization of phosphatidylinositol 3,4,5-triphosphate (PIP3). Akt or protein kinase B, the direct downstream regulator of PI3K is known to carry signal from growth factor stimulated receptor tyrosine kinases or G-protein coupled surface receptors. Several examples are known in the literature where cancer cell-associated Akt mediates all kinds of regulations related to cell growth, survival and inhibition of apoptosis (Figure d). Besides, examples of ES-mediated PI3K-Akt activation independent of ER expression status and Akt’s involvement in ERE-regulation are also known.                                 

Figure d. Akt kinase signaling

Here PI3K inhibition with LY294002 (a PI3K-Akt pathway inhibitor) followed by ESC8 treatment showed the overall increment in viability in MDA-MB and MCF-7 cells. In further study blocking of the formation of Akt-2 protein in MDA-MB using SiRNA showed the substantial increment in viability of Akt-2 down-regulated ESC8-treated cells. ERE-luciferase transfected MDA-MB and MCF-7 cells when pretreated with LY294002 followed by treatment of ESC8 showed significant recovery of Luciferase expression indicating the probable involvement of PI3K-Akt pathway by regulation of ERE-promoted genes. Based on the observations we hypothesized that specifically designed ES-analogues could modulate this kinase pathway in controlling the growth of even ER– cancer cells and Akt’s active presence is a necessary link for the occurrence of ESC8-mediated toxicity in breast cancer cells. This would certainly contradict Akt’s role in survival and growth of cancer cells. To our knowledge, this is the first example among estrogenic drugs that incites anticancer effect in both ER+/- cells by modulating protein kinase B/Akt. Besides developing small molecule Akt inhibitors, the study points to the possibility that Akt can be maneuvered using novel molecules for cancer cell-killing purposes also.
Chromatin immunoprecipitation assay (ChIP) done on both MCF-7 and MDA-MB-231 cells showed the interaction of Akt2 with the promoter region of BRCA-1 gene in presence of ESC8. The breast cancer susceptibility gene BRCA1 encodes a phosphoprotein that is concerned with DNA damage response and regulation of cell cycle checkpoints. The data that Akt2 access the promoter region of both ER+/- cells is a novel observation. In this thesis we tried to find out the mechanistic role of Akt-2 in performing any potential ESC8-mediated nuclear activity pertaining to the promoter regulation of BRCA-1 expression in both ER+/- breast cancer cells. Our observation indicates a potential transcription factor-like role of Akt-2 in ESC8-treated condition. This thereby implies that Akt-2 may have a novel role in possibly ascertaining ESC8-mediated ER expression-non specific anticancer activity. The molecule was also tested in vivo and showed a significant reduction of tumor aggression in SCID mice. To further confirm the mechanism of the observed tumor-suppressive activities, we examined the effect of ESC8 on MDA-MB-231 tumor cell apoptosis in vivo with the TUNEL assay. A significant increase in the number of apoptotic cells was observed in the group treated with ESC8 compared to the control group. Further mechanistic studies are underway to find out if any unknown protein or unknown splice variant of a known protein is engaged with Akt-2 in exhibiting ESC8-mediated anticancer effect in even ER- cells. Thus, this chapter reveals the fact that cationic lipid-conjugation to estrogenic moiety can lead to unprecedented apoptosis in breast cancer cells irrespective of ER expression status and can treat breast cancer in any phenotypic phase it exists. 






